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In modern physics only relative quantities are considered to have physical significance. For example, position
assigned to a system depends on the choice of coordinates, and only relative distances between different systems
have physical relevance. On the other hand, in quantum theory the scenario where one system, A, is localised
around certain position while another system B is in a spatial superposition is considered to be physically
different from the scenario where A is in a superposition, while B is localised. Different physical effects are
anticipated in the two scenarios especially when the two systems have widely different masses. Here we show
that for any superposed amplitudes that are related by a symmetry transformation, the above scenarios are
physically equivalent: probabilities for any measurement are the same whether we assign the superposition state
to system A or to system B. More generally, linearity of quantum theory guarantees that if a theory is invariant
under some symmetry transformations it is necessarily also invariant under their arbitrary “superpositions”.
Thus the notion of a superposition turns out to be relative to the choice of coordinates, once it is realised that
relations between coordinates do not need to be classical.
Introduction.– General covariance demands that absolute
position has no physical meaning [1]. A scenario where one
particle is localised around some position x1 and a second par-
ticle is at x2 = x1 +L, in any translationally invariant theory,
is exactly the same as the scenario where the first particle is
localised around some different point x′1, while the other is
at x′2 = x
′
1 + L. The difference between the two is consid-
ered to be only apparent, and is attributed to a different choice
of a coordinate system in which the positions of the particles
are described. More broadly, in modern physics only relative
quantities are considered to have physical significance [2] as a
consequence of fundamental interactions being local and de-
pending only on relationships between the systems.
On the other hand, the following two scenarios are consid-
ered to be fundamentally different: In scenario A particle 1
is localised around some position x1 while particle 2 is in a
superposition of two states, each localised around a different
position |x1 +L〉+|x1 +L′〉. In scenario B particle 1 is in su-
perposition |x2−L〉+ |x2−L′〉 while particle 2 is localised
around x2. If the mass of particle 1 is much larger than the
mass of particle 2, some authors question whether scenario B
can be consistently described with current physical theories
[3–7]. Some contest that scenario B is physical at all, postu-
lating that the superposition principle in case B breaks down
at a very short time-scale, while it effectively does not break
down in case A, see e.g. [8, 9].
The aim of the present work is to investigate what the stan-
dard quantum framework tells us about such scenarios. Our
main result is a proof that scenarios like A and B above are
fully equivalent according to standard quantum theory. Main-
taining the view that there is a fundamental difference between
them is incompatible with translational invariance. We gener-
alise the result to any symmetry of dynamics and show that
linearity of quantum theory guarantees that if dynamics is in-
variant under certain transformations it is also invariant under
their arbitrary “superpositions”.
Importantly, our results do not require the inclusion of
the reference frames among the dynamical systems, which
is at the core of the “quantum reference frames” (QRFs) ap-
proach [10–15]. The studies of QRFs show that if reference
frames are treated as quantum systems, they can be related by
non-classical transformations, e.g. superpositions of Galilean
boosts or of translations [16]. Our work is concerned with a
very different question: If labelling of the states is a conven-
tion (e.g. stemming from an arbitrary choice of coordinates)
does this extend to conventions which yield sets of states that
cannot be related by any classical coordinate transformation?
Our approach answers this question affirmatively and shows
that the resulting quantum transformations between coordi-
nates are still compatible with the usual view of coordinate
systems as auxiliary tools, not part of the dynamical system.
Closed box thought experiments.– Here we formulate a
thought experiment demonstrating that it is in principle pos-
sible to prepare a state of two systems and certify that their
relative distance is in superposition, yet it is not possible to
tell which of the two systems is in superposition relative to an
external reference.
Consider a ‘closed box’ containing a massive body with
massM and an atom with a much smaller massm. The box is
sufficiently large so that any fields outside are approximately
the same for the different configurations of the systems inside.
A photon with local frequency ω can be used by an outside
agent to interact/measure the systems inside. Before entering
the box the photon passes through a beam-splitter, preparing
it in a superposition of modes | in〉, which enters the box, and
| out〉 which remains outside.
In case A, Fig. 1, the mass M is semi-classically localised
and can be assigned state |X1〉. The atom passes through
a beam-splitter and is thus prepared in superposition of two
semi-classically localised states |x1〉 and |x2〉, at a distance
d1 and d2, respectively, from M . The initial state of the mass,
atom and photon reads |X1〉(|x1〉 + |x2〉)(| in〉 + | out〉)/2.
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<latexit sha1_base 64="/6xQWSAbqKVzpDiWbRmm9oVeU/k="> AAAB/HicbVDLSsNAFL2pr1pf0S5dOFgEVy VxY8FNwY3LCvYBTSiT6aQdOpmEmYkQYv0A f8KNC0Xc+iHu/BsnbRfaemDgcM69zLknSD hT2nG+rdLa+sbmVnm7srO7t39gHx51VJxK Qtsk5rHsBVhRzgRta6Y57SWS4ijgtBtMrg u/e0+lYrG401lC/QiPBAsZwdpIA7v64EVY j2WUMzH1JBYjTgd2zak7M6BV4i5IrXny1G gCQGtgf3nDmKQRFZpwrFTfdRLt51hqRjid VrxU0QSTCR7RvqECR1T5+Sz8FJ0ZZYjCWJ onNJqpvzdyHCmVRYGZLJKqZa8Q//P6qQ4b vjkrSTUVZP5RmHKkY1Q0gYZMUqJ5Zggmkp msiIyxxESbviqmBHf55FXSuai7Tt29NW1c wRxlOIZTOAcXLqEJN9CCNhDI4Ble4c16tF 6sd+tjPlqyFjtV+APr8weMu5bE</latexi t><latexit sha1_base 64="eYNno+daCz3XJIvbHhr1TQWLJmM="> AAAB/HicbVDLSsNAFJ34rPUV7dKFwSK4Kk k3FtwU3LisYB/QhDKZTtqhM5Mwc1MIsX6A P+HGhSJu/Q/d+TdOHwttPTBwOOde5twTJp xpcN1va219Y3Nru7BT3N3bPzi0j45bOk4V oU0S81h1QqwpZ5I2gQGnnURRLEJO2+Hoeu q3x1RpFss7yBIaCDyQLGIEg5F6duneFxiG SuRMTnyF5YDTnl12K+4MzirxFqRcP32sVc fw2ejZX34/JqmgEgjHWnc9N4EgxwoY4XRS 9FNNE0xGeEC7hkosqA7yWfiJc26UvhPFyj wJzkz9vZFjoXUmQjM5TaqXvan4n9dNIaoF 5qwkBSrJ/KMo5Q7EzrQJp88UJcAzQzBRzG R1yBArTMD0VTQleMsnr5JWteK5Fe/WtHGF 5iigE3SGLpCHLlEd3aAGaiKCMvSEXtCr9W A9W2/W+3x0zVrslNAfWB8/yYCYcQ==</la texit><latexit sha1_base 64="eYNno+daCz3XJIvbHhr1TQWLJmM="> AAAB/HicbVDLSsNAFJ34rPUV7dKFwSK4Kk k3FtwU3LisYB/QhDKZTtqhM5Mwc1MIsX6A P+HGhSJu/Q/d+TdOHwttPTBwOOde5twTJp xpcN1va219Y3Nru7BT3N3bPzi0j45bOk4V oU0S81h1QqwpZ5I2gQGnnURRLEJO2+Hoeu q3x1RpFss7yBIaCDyQLGIEg5F6duneFxiG SuRMTnyF5YDTnl12K+4MzirxFqRcP32sVc fw2ejZX34/JqmgEgjHWnc9N4EgxwoY4XRS 9FNNE0xGeEC7hkosqA7yWfiJc26UvhPFyj wJzkz9vZFjoXUmQjM5TaqXvan4n9dNIaoF 5qwkBSrJ/KMo5Q7EzrQJp88UJcAzQzBRzG R1yBArTMD0VTQleMsnr5JWteK5Fe/WtHGF 5iigE3SGLpCHLlEd3aAGaiKCMvSEXtCr9W A9W2/W+3x0zVrslNAfWB8/yYCYcQ==</la texit><latexit sha1_base 64="Ke5+TIUqRrnmoxaSaMJEq/vdAEk="> AAAB/HicbVDLSgMxFM34rPU12qWbYBFclR k3Cm4KblxWsA9oh5JJ77ShSWZIMsIw1l9x 40IRt36IO//GTDsLbT0QOJxzLzn3hAln2n jet7O2vrG5tV3Zqe7u7R8cukfHHR2nikKb xjxWvZBo4ExC2zDDoZcoICLk0A2nN4XffQ ClWSzvTZZAIMhYsohRYqw0dGuPA0HMRImc ydlAETnmMHTrXsObA68SvyR1VKI1dL8Go5 imAqShnGjd973EBDlRhlEOs+og1ZAQOiVj 6FsqiQAd5PPwM3xmlRGOYmWfNHiu/t7Iid A6E6GdLJLqZa8Q//P6qYmuAntWkhqQdPFR lHJsYlw0gUdMATU8s4RQxWxWTCdEEWpsX1 Vbgr988irpXDR8r+HfefXmdVlHBZ2gU3SO fHSJmugWtVAbUZShZ/SK3pwn58V5dz4Wo2 tOuVNDf+B8/gCvnJVj</latexit>
|outi
<latexit sha1_base 64="5FXHR4YxYpv4KJh3YYs2ge5YIQY="> AAAB/XicbVDLSgMxFL3js9bX+Ni5MFgEV2 XGjQU3BTcuK9gHtEPJpJk2NMkMSUaoY3Hv V7hxoYhb/8Odf2Om7UJbDwQO59zLPTlhwp k2nvftLC2vrK6tFzaKm1vbO7vu3n5Dx6ki tE5iHqtWiDXlTNK6YYbTVqIoFiGnzXB4lf vNO6o0i+WtGSU0ELgvWcQINlbquocPHYHN QIksTs24o7Dsc9p1S17ZmwAtEn9GStXjp0 oVAGpd96vTi0kqqDSEY63bvpeYIMPKMMLp uNhJNU0wGeI+bVsqsaA6yCbpx+jUKj0Uxc o+adBE/b2RYaH1SIR2Mo+q571c/M9rpyaq BBmTSWqoJNNDUcqRiVFeBeoxRYnhI0swUc xmRWSAFSbGFla0JfjzX14kjfOy75X9G9vG JUxRgCM4gTPw4QKqcA01qAOBe3iGV3hzHp 0X5935mI4uObOdA/gD5/MHfkOXTw==</la texit><latexit sha1_base 64="0oE/R4Id/74NVV47CQrVjMJpJsE="> AAAB/XicbVC7SgNBFJ2Nrxhf66OzcDEIVm E3jQGbgI1lBPOA7BJmJ7PJkJnZZeZuIK7B 3q+wsVDE1u/Qzr9x8ig08cDA4Zx7uWdOmH CmwXW/rdzK6tr6Rn6zsLW9s7tn7x80dJwq Qusk5rFqhVhTziStAwNOW4miWIScNsPB1c RvDqnSLJa3MEpoIHBPsogRDEbq2Ef3vsDQ VyKLUxj7Cssepx276JbcKZxl4s1JsXryWC kP4bPWsb/8bkxSQSUQjrVue24CQYYVMMLp uOCnmiaYDHCPtg2VWFAdZNP0Y+fMKF0nip V5Epyp+nsjw0LrkQjN5CSqXvQm4n9eO4Wo EmRMJilQSWaHopQ7EDuTKpwuU5QAHxmCiW Imq0P6WGECprCCKcFb/PIyaZRLnlvybkwb l2iGPDpGp+gceegCVdE1qqE6IugOPaEX9G o9WM/Wm/U+G81Z851D9AfWxw+7CJj8</la texit><latexit sha1_base 64="0oE/R4Id/74NVV47CQrVjMJpJsE="> AAAB/XicbVC7SgNBFJ2Nrxhf66OzcDEIVm E3jQGbgI1lBPOA7BJmJ7PJkJnZZeZuIK7B 3q+wsVDE1u/Qzr9x8ig08cDA4Zx7uWdOmH CmwXW/rdzK6tr6Rn6zsLW9s7tn7x80dJwq Qusk5rFqhVhTziStAwNOW4miWIScNsPB1c RvDqnSLJa3MEpoIHBPsogRDEbq2Ef3vsDQ VyKLUxj7Cssepx276JbcKZxl4s1JsXryWC kP4bPWsb/8bkxSQSUQjrVue24CQYYVMMLp uOCnmiaYDHCPtg2VWFAdZNP0Y+fMKF0nip V5Epyp+nsjw0LrkQjN5CSqXvQm4n9eO4Wo EmRMJilQSWaHopQ7EDuTKpwuU5QAHxmCiW Imq0P6WGECprCCKcFb/PIyaZRLnlvybkwb l2iGPDpGp+gceegCVdE1qqE6IugOPaEX9G o9WM/Wm/U+G81Z851D9AfWxw+7CJj8</la texit><latexit sha1_base 64="uhH5uParBYfO5ILpSVkFHCvXHYk="> AAAB/XicbVDLSgMxFM3UV62v8bFzEyyCqz LjRsFNwY3LCvYBnaFk0kwbmmSG5I5Qx+Kv uHGhiFv/w51/Y9rOQlsPBA7n3Ms9OVEquA HP+3ZKK6tr6xvlzcrW9s7unrt/0DJJpilr 0kQkuhMRwwRXrAkcBOukmhEZCdaORtdTv3 3PtOGJuoNxykJJBorHnBKwUs89egwkgaGW eZLBJNBEDQTruVWv5s2Al4lfkCoq0Oi5X0 E/oZlkCqggxnR9L4UwJxo4FWxSCTLDUkJH ZMC6lioimQnzWfoJPrVKH8eJtk8Bnqm/N3 IijRnLyE5Oo5pFbyr+53UziC/DnKs0A6bo /FCcCQwJnlaB+1wzCmJsCaGa26yYDokmFG xhFVuCv/jlZdI6r/lezb/1qvWroo4yOkYn 6Az56ALV0Q1qoCai6AE9o1f05jw5L8678z EfLTnFziH6A+fzB6Ekle4=</latexit>
|x2i
<latexit sha1_base 64="V+qLkkCiziK5oYV8zSDomyEMdTw="> AAAB8nicbVDLSgNBEOyNrxhfUY9eBoPgKe wGQcGDAS8eI5gHbJYwO5lNhszOLDOzYljz GV48KOLVr/HmX/gJTjY5aGJBQ1HVTXdXmH Cmjet+OYWV1bX1jeJmaWt7Z3evvH/Q0jJV hDaJ5FJ1QqwpZ4I2DTOcdhJFcRxy2g5H11 O/fU+VZlLcmXFCgxgPBIsYwcZK/uNDr9ZV WAw47ZUrbtXNgZaJNyeVq2/I0eiVP7t9Sd KYCkM41tr33MQEGVaGEU4npW6qaYLJCA+o b6nAMdVBlp88QSdW6aNIKlvCoFz9PZHhWO txHNrOGJuhXvSm4n+en5roIsiYSFJDBZkt ilKOjETT/1GfKUoMH1uCiWL2VkSGWGFibE olG4K3+PIyadWqnlv1bs8q9ctZGlCEIziG U/DgHOpwAw1oAgEJT/ACr45xnp03533WWn DmM4fwB87HD+kzkmo=</latexit><latexit sha1_base 64="V+qLkkCiziK5oYV8zSDomyEMdTw="> AAAB8nicbVDLSgNBEOyNrxhfUY9eBoPgKe wGQcGDAS8eI5gHbJYwO5lNhszOLDOzYljz GV48KOLVr/HmX/gJTjY5aGJBQ1HVTXdXmH Cmjet+OYWV1bX1jeJmaWt7Z3evvH/Q0jJV hDaJ5FJ1QqwpZ4I2DTOcdhJFcRxy2g5H11 O/fU+VZlLcmXFCgxgPBIsYwcZK/uNDr9ZV WAw47ZUrbtXNgZaJNyeVq2/I0eiVP7t9Sd KYCkM41tr33MQEGVaGEU4npW6qaYLJCA+o b6nAMdVBlp88QSdW6aNIKlvCoFz9PZHhWO txHNrOGJuhXvSm4n+en5roIsiYSFJDBZkt ilKOjETT/1GfKUoMH1uCiWL2VkSGWGFibE olG4K3+PIyadWqnlv1bs8q9ctZGlCEIziG U/DgHOpwAw1oAgEJT/ACr45xnp03533WWn DmM4fwB87HD+kzkmo=</latexit><latexit sha1_base 64="V+qLkkCiziK5oYV8zSDomyEMdTw="> AAAB8nicbVDLSgNBEOyNrxhfUY9eBoPgKe wGQcGDAS8eI5gHbJYwO5lNhszOLDOzYljz GV48KOLVr/HmX/gJTjY5aGJBQ1HVTXdXmH Cmjet+OYWV1bX1jeJmaWt7Z3evvH/Q0jJV hDaJ5FJ1QqwpZ4I2DTOcdhJFcRxy2g5H11 O/fU+VZlLcmXFCgxgPBIsYwcZK/uNDr9ZV WAw47ZUrbtXNgZaJNyeVq2/I0eiVP7t9Sd KYCkM41tr33MQEGVaGEU4npW6qaYLJCA+o b6nAMdVBlp88QSdW6aNIKlvCoFz9PZHhWO txHNrOGJuhXvSm4n+en5roIsiYSFJDBZkt ilKOjETT/1GfKUoMH1uCiWL2VkSGWGFibE olG4K3+PIyadWqnlv1bs8q9ctZGlCEIziG U/DgHOpwAw1oAgEJT/ACr45xnp03533WWn DmM4fwB87HD+kzkmo=</latexit><latexit sha1_base 64="H7BPkt3bbi2OsmK9v8wfqwc4pJo="> AAAB8nicbVBNS8NAEJ3Ur1q/qh69LBbBU0 mKoOCl4MVjBfsBaSib7aRdutmE3Y1Yan+G Fw+KePXXePPfuG1z0NYHA4/3ZpiZF6aCa+ O6305hbX1jc6u4XdrZ3ds/KB8etXSSKYZN lohEdUKqUXCJTcONwE6qkMahwHY4upn57Q dUmify3oxTDGI6kDzijBor+U+PvVpXUTkQ 2CtX3Ko7B1klXk4qkKPRK391+wnLYpSGCa q177mpCSZUGc4ETkvdTGNK2YgO0LdU0hh1 MJmfPCVnVumTKFG2pCFz9ffEhMZaj+PQds bUDPWyNxP/8/zMRFfBhMs0MyjZYlGUCWIS Mvuf9LlCZsTYEsoUt7cSNqSKMmNTKtkQvO WXV0mrVvXcqnd3Ualf53EU4QRO4Rw8uIQ6 3EIDmsAggWd4hTfHOC/Ou/OxaC04+cwx/I Hz+QNOMJE7</latexit>
|x1i
<latexit sha1_base 64="U9Cm7A97idr4hSc1mggPR84Ijh8="> AAAB8nicbVDLSgNBEOz1GeMr6tHLYhA8hV 0RFDwY8OIxgnnAZgmzk9lkyOzMMtMrhpjP 8OJBEa9+jTf/wk9wsslBEwsaiqpuuruiVH CDnvflLC2vrK6tFzaKm1vbO7ulvf2GUZmm rE6VULoVEcMEl6yOHAVrpZqRJBKsGQ2uJ3 7znmnDlbzDYcrChPQkjzklaKXg8aHjtzWR PcE6pbJX8XK4i8SfkfLVN+SodUqf7a6iWc IkUkGMCXwvxXBENHIq2LjYzgxLCR2QHgss lSRhJhzlJ4/dY6t03VhpWxLdXP09MSKJMc Mksp0Jwb6Z9ybif16QYXwRjrhMM2SSThfF mXBRuZP/3S7XjKIYWkKo5vZWl/aJJhRtSk Ubgj//8iJpnFZ8r+LfnpWrl9M0oACHcAQn 4MM5VOEGalAHCgqe4AVeHXSenTfnfdq65M xmDuAPnI8f56iSaQ==</latexit><latexit sha1_base 64="U9Cm7A97idr4hSc1mggPR84Ijh8="> AAAB8nicbVDLSgNBEOz1GeMr6tHLYhA8hV 0RFDwY8OIxgnnAZgmzk9lkyOzMMtMrhpjP 8OJBEa9+jTf/wk9wsslBEwsaiqpuuruiVH CDnvflLC2vrK6tFzaKm1vbO7ulvf2GUZmm rE6VULoVEcMEl6yOHAVrpZqRJBKsGQ2uJ3 7znmnDlbzDYcrChPQkjzklaKXg8aHjtzWR PcE6pbJX8XK4i8SfkfLVN+SodUqf7a6iWc IkUkGMCXwvxXBENHIq2LjYzgxLCR2QHgss lSRhJhzlJ4/dY6t03VhpWxLdXP09MSKJMc Mksp0Jwb6Z9ybif16QYXwRjrhMM2SSThfF mXBRuZP/3S7XjKIYWkKo5vZWl/aJJhRtSk Ubgj//8iJpnFZ8r+LfnpWrl9M0oACHcAQn 4MM5VOEGalAHCgqe4AVeHXSenTfnfdq65M xmDuAPnI8f56iSaQ==</latexit><latexit sha1_base 64="U9Cm7A97idr4hSc1mggPR84Ijh8="> AAAB8nicbVDLSgNBEOz1GeMr6tHLYhA8hV 0RFDwY8OIxgnnAZgmzk9lkyOzMMtMrhpjP 8OJBEa9+jTf/wk9wsslBEwsaiqpuuruiVH CDnvflLC2vrK6tFzaKm1vbO7ulvf2GUZmm rE6VULoVEcMEl6yOHAVrpZqRJBKsGQ2uJ3 7znmnDlbzDYcrChPQkjzklaKXg8aHjtzWR PcE6pbJX8XK4i8SfkfLVN+SodUqf7a6iWc IkUkGMCXwvxXBENHIq2LjYzgxLCR2QHgss lSRhJhzlJ4/dY6t03VhpWxLdXP09MSKJMc Mksp0Jwb6Z9ybif16QYXwRjrhMM2SSThfF mXBRuZP/3S7XjKIYWkKo5vZWl/aJJhRtSk Ubgj//8iJpnFZ8r+LfnpWrl9M0oACHcAQn 4MM5VOEGalAHCgqe4AVeHXSenTfnfdq65M xmDuAPnI8f56iSaQ==</latexit><latexit sha1_base 64="w91ILNK/LrRtLXxQQRRhiOLS0yg="> AAAB8nicbVBNS8NAEJ3Ur1q/qh69BIvgqS QiKHgpePFYwbZCGspmu2mXbnbD7kQssT/D iwdFvPprvPlv3LY5aOuDgcd7M8zMi1LBDX ret1NaWV1b3yhvVra2d3b3qvsHbaMyTVmL KqH0fUQME1yyFnIU7D7VjCSRYJ1odD31Ow 9MG67kHY5TFiZkIHnMKUErBU+PPb+riRwI 1qvWvLo3g7tM/ILUoECzV/3q9hXNEiaRCm JM4HsphjnRyKlgk0o3MywldEQGLLBUkoSZ MJ+dPHFPrNJ3Y6VtSXRn6u+JnCTGjJPIdi YEh2bRm4r/eUGG8WWYc5lmyCSdL4oz4aJy p/+7fa4ZRTG2hFDN7a0uHRJNKNqUKjYEf/ HlZdI+q/te3b89rzWuijjKcATHcAo+XEAD bqAJLaCg4Ble4c1B58V5dz7mrSWnmDmEP3 A+fwBMpZE6</latexit>
|X1i
<latexit sha1_base 64="u5tvIZLs+AQQ0HZWEgtE16vas0s="> AAAB8nicbVDLSgNBEOyNrxhfUY9eBoPgKe yKoODBgBePEcwDkiXMTnqTIbOzy8ysENZ8 hhcPinj1a7z5F36Ck00OmljQUFR1090VJI Jr47pfTmFldW19o7hZ2tre2d0r7x80dZwq hg0Wi1i1A6pRcIkNw43AdqKQRoHAVjC6mf qtB1Sax/LejBP0IzqQPOSMGit1Hts9r6uo HAjslStu1c1Blok3J5Xrb8hR75U/u/2YpR FKwwTVuuO5ifEzqgxnAielbqoxoWxEB9ix VNIItZ/lJ0/IiVX6JIyVLWlIrv6eyGik9T gKbGdEzVAvelPxP6+TmvDSz7hMUoOSzRaF qSAmJtP/SZ8rZEaMLaFMcXsrYUOqKDM2pZ INwVt8eZk0z6qeW/Xuziu1q1kaUIQjOIZT 8OACanALdWgAgxie4AVeHeM8O2/O+6y14M xnDuEPnI8ftgiSSQ==</latexit><latexit sha1_base 64="u5tvIZLs+AQQ0HZWEgtE16vas0s="> AAAB8nicbVDLSgNBEOyNrxhfUY9eBoPgKe yKoODBgBePEcwDkiXMTnqTIbOzy8ysENZ8 hhcPinj1a7z5F36Ck00OmljQUFR1090VJI Jr47pfTmFldW19o7hZ2tre2d0r7x80dZwq hg0Wi1i1A6pRcIkNw43AdqKQRoHAVjC6mf qtB1Sax/LejBP0IzqQPOSMGit1Hts9r6uo HAjslStu1c1Blok3J5Xrb8hR75U/u/2YpR FKwwTVuuO5ifEzqgxnAielbqoxoWxEB9ix VNIItZ/lJ0/IiVX6JIyVLWlIrv6eyGik9T gKbGdEzVAvelPxP6+TmvDSz7hMUoOSzRaF qSAmJtP/SZ8rZEaMLaFMcXsrYUOqKDM2pZ INwVt8eZk0z6qeW/Xuziu1q1kaUIQjOIZT 8OACanALdWgAgxie4AVeHeM8O2/O+6y14M xnDuEPnI8ftgiSSQ==</latexit><latexit sha1_base 64="u5tvIZLs+AQQ0HZWEgtE16vas0s="> AAAB8nicbVDLSgNBEOyNrxhfUY9eBoPgKe yKoODBgBePEcwDkiXMTnqTIbOzy8ysENZ8 hhcPinj1a7z5F36Ck00OmljQUFR1090VJI Jr47pfTmFldW19o7hZ2tre2d0r7x80dZwq hg0Wi1i1A6pRcIkNw43AdqKQRoHAVjC6mf qtB1Sax/LejBP0IzqQPOSMGit1Hts9r6uo HAjslStu1c1Blok3J5Xrb8hR75U/u/2YpR FKwwTVuuO5ifEzqgxnAielbqoxoWxEB9ix VNIItZ/lJ0/IiVX6JIyVLWlIrv6eyGik9T gKbGdEzVAvelPxP6+TmvDSz7hMUoOSzRaF qSAmJtP/SZ8rZEaMLaFMcXsrYUOqKDM2pZ INwVt8eZk0z6qeW/Xuziu1q1kaUIQjOIZT 8OACanALdWgAgxie4AVeHeM8O2/O+6y14M xnDuEPnI8ftgiSSQ==</latexit><latexit sha1_base 64="Aooes+BZZV7qarn0nbQb0At5zMI="> AAAB8nicbVBNS8NAEJ3Ur1q/qh69LBbBU0 lEUPBS8OKxgv2ANJTNdtIu3WzC7kYosT/D iwdFvPprvPlv3LY5aOuDgcd7M8zMC1PBtX Hdb6e0tr6xuVXeruzs7u0fVA+P2jrJFMMW S0SiuiHVKLjEluFGYDdVSONQYCcc3878zi MqzRP5YCYpBjEdSh5xRo2V/Kdu3+spKocC +9WaW3fnIKvEK0gNCjT71a/eIGFZjNIwQb X2PTc1QU6V4UzgtNLLNKaUjekQfUsljVEH +fzkKTmzyoBEibIlDZmrvydyGms9iUPbGV Mz0sveTPzP8zMTXQc5l2lmULLFoigTxCRk 9j8ZcIXMiIkllClubyVsRBVlxqZUsSF4yy +vkvZF3XPr3v1lrXFTxFGGEziFc/DgChpw B01oAYMEnuEV3hzjvDjvzseiteQUM8fwB8 7nDxsFkRo=</latexit>
|x1i
<latexit sha1_base64="U9Cm7A97idr4h Sc1mggPR84Ijh8=">AAAB8nicbVDLSgNBEOz1GeMr6tHLYhA8hV0RFDwY8OIxgnnAZgm zk9lkyOzMMtMrhpjP8OJBEa9+jTf/wk9wsslBEwsaiqpuuruiVHCDnvflLC2vrK6tFza Km1vbO7ulvf2GUZmmrE6VULoVEcMEl6yOHAVrpZqRJBKsGQ2uJ37znmnDlbzDYcrChPQ kjzklaKXg8aHjtzWRPcE6pbJX8XK4i8SfkfLVN+SodUqf7a6iWcIkUkGMCXwvxXBENHI q2LjYzgxLCR2QHgsslSRhJhzlJ4/dY6t03VhpWxLdXP09MSKJMcMksp0Jwb6Z9ybif16 QYXwRjrhMM2SSThfFmXBRuZP/3S7XjKIYWkKo5vZWl/aJJhRtSkUbgj//8iJpnFZ8r+L fnpWrl9M0oACHcAQn4MM5VOEGalAHCgqe4AVeHXSenTfnfdq65MxmDuAPnI8f56iSaQ= =</latexit><latexit sha1_base64="U9Cm7A97idr4h Sc1mggPR84Ijh8=">AAAB8nicbVDLSgNBEOz1GeMr6tHLYhA8hV0RFDwY8OIxgnnAZgm zk9lkyOzMMtMrhpjP8OJBEa9+jTf/wk9wsslBEwsaiqpuuruiVHCDnvflLC2vrK6tFza Km1vbO7ulvf2GUZmmrE6VULoVEcMEl6yOHAVrpZqRJBKsGQ2uJ37znmnDlbzDYcrChPQ kjzklaKXg8aHjtzWRPcE6pbJX8XK4i8SfkfLVN+SodUqf7a6iWcIkUkGMCXwvxXBENHI q2LjYzgxLCR2QHgsslSRhJhzlJ4/dY6t03VhpWxLdXP09MSKJMcMksp0Jwb6Z9ybif16 QYXwRjrhMM2SSThfFmXBRuZP/3S7XjKIYWkKo5vZWl/aJJhRtSkUbgj//8iJpnFZ8r+L fnpWrl9M0oACHcAQn4MM5VOEGalAHCgqe4AVeHXSenTfnfdq65MxmDuAPnI8f56iSaQ= =</latexit><latexit sha1_base64="U9Cm7A97idr4h Sc1mggPR84Ijh8=">AAAB8nicbVDLSgNBEOz1GeMr6tHLYhA8hV0RFDwY8OIxgnnAZgm zk9lkyOzMMtMrhpjP8OJBEa9+jTf/wk9wsslBEwsaiqpuuruiVHCDnvflLC2vrK6tFza Km1vbO7ulvf2GUZmmrE6VULoVEcMEl6yOHAVrpZqRJBKsGQ2uJ37znmnDlbzDYcrChPQ kjzklaKXg8aHjtzWRPcE6pbJX8XK4i8SfkfLVN+SodUqf7a6iWcIkUkGMCXwvxXBENHI q2LjYzgxLCR2QHgsslSRhJhzlJ4/dY6t03VhpWxLdXP09MSKJMcMksp0Jwb6Z9ybif16 QYXwRjrhMM2SSThfFmXBRuZP/3S7XjKIYWkKo5vZWl/aJJhRtSkUbgj//8iJpnFZ8r+L fnpWrl9M0oACHcAQn4MM5VOEGalAHCgqe4AVeHXSenTfnfdq65MxmDuAPnI8f56iSaQ= =</latexit><latexit sha1_base64="w91ILNK/LrRtL XxQQRRhiOLS0yg=">AAAB8nicbVBNS8NAEJ3Ur1q/qh69BIvgqSQiKHgpePFYwbZCGsp mu2mXbnbD7kQssT/DiwdFvPprvPlv3LY5aOuDgcd7M8zMi1LBDXret1NaWV1b3yhvVra 2d3b3qvsHbaMyTVmLKqH0fUQME1yyFnIU7D7VjCSRYJ1odD31Ow9MG67kHY5TFiZkIHn MKUErBU+PPb+riRwI1qvWvLo3g7tM/ILUoECzV/3q9hXNEiaRCmJM4HsphjnRyKlgk0o 3MywldEQGLLBUkoSZMJ+dPHFPrNJ3Y6VtSXRn6u+JnCTGjJPIdiYEh2bRm4r/eUGG8WW Yc5lmyCSdL4oz4aJyp/+7fa4ZRTG2hFDN7a0uHRJNKNqUKjYEf/HlZdI+q/te3b89rzW uijjKcATHcAo+XEADbqAJLaCg4Ble4c1B58V5dz7mrSWnmDmEP3A+fwBMpZE6</latex it>
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FIG. 1. Atom in superposition of two distances from a massive body.
An outside agent can make measurements on the photon in a super-
positions basis | ±〉 ∝ | in〉 ± | out〉. The scheme on the left panel
allows the outside agent to prepare the atom in one of its two orthog-
onal states. The scheme on the right panel allows them to measure
the relative phase between the superposed amplitudes of the atom.
The photon mode in the box is absorbed by the atom. In the lo-
cal rest frame of the atom at a distance di toM , to lowest post-
Newtonian order, the photon’s frequency will be blue-shifted
as ω(1+GM/dic2) [1, 17]. Thus, we consider an atom with at
least three energy levels with the spacing so that it can absorb
the photon in both locations di. After proper time τ the pho-
ton is re-emitted. Due to a gravitational potential difference
∆Φ = GM(1/d2 − 1/d1) [18–20] between the locations of
the atom, a relative phase [21] ∆ϕ = ω∆Φτ/c2 (up to order
1/c2) is eventually acquired between the photon amplitudes.
(The free propagation phase acquired by the photon before
and after its interaction with the atom, including the Shapiro
effect [22], is here the same for both amplitudes of the atom.)
For simplicity we assume ∆ϕ = pi, see Supplemental Mate-
rial for a general case. The state of all systems after the pho-
ton leaves the box reads |X1〉
[ (|x1〉+ eiθ|x2〉) eiφc | out〉+(|x1〉 − eiθ|x2〉) | in〉]/2. Here, θ = m∆Φt/~ is the relative
phase between the two amplitudes of the atom due to massM ,
t the duration of the experiment as measured outside the box,
and φc is the total phase acquired by mode | out〉, which can
be varied by the outside agent.
An outside agent can now overlap the photon modes on a
beam-splitter, creating a Mach-Zehnder interferometer for the
photon, Fig. 1 left panel. The final state (up to a normalisation
factor 1/2
√
2) reads
|X1〉
[(
(1 + eiφc)|x1〉 − eiθ(1− eiφc)|x2〉
)|+〉
+
(
(1− eiφc)|x1〉 − eiθ(1 + eiφc)|x2〉
)| −〉], (1)
where | ±〉 ∝ | in〉±| out〉 are the two output modes of the in-
terferometer. Eq. (1) describes the atom and the photon as en-
tangled. The measurement on the photon in | ±〉 basis yields
the two possible outcomes with equal probabilities – indepen-
dently of the controllable phase φc – and prepares the atom in
one of its two orthogonal states, as per eq. (1).
The scheme can be extended to yield the measurement of
the atom in a superposition basis. This is achieved by per-
forming a Michelson-Morley interferometry with the photon,
Fig. 1 right panel. The atom passes again through the beam
splitter, which creates a new superposition between |x1〉 and
|x2〉, and the photon modes are reflected back through the
box. As the photon interacts with the new state of the atom,
the phases θ and ∆ϕ are acquired again by the relevant am-
plitudes, since they only depend on relative distances between
the systems. The photon modes are overlapped on the beam
splitter outside the box and measured in the | ±〉 basis. The
final state reads
1
2
ei
θ
2 |X1〉
∑
±
(
J±1 |x1〉 − ieiθJ±2 |x2〉
) | ±〉, (2)
where J±1 = −i sin( θ2 )±ei2φccos( θ2 ), and J±2 = −i cos( θ2 )±
ei2φc sin( θ2 ) and yields the photon detection probabilities
P± =
(
1 ∓ sin(θ) sin(2φc)
)
/2, see Supplemental Material.
The interference visibility |sin(θ)| depends on the relative
phase θ between the amplitudes of the atom. Since it depends
on the total time the atom spends in superposition, the outside
agent can vary θ by changing the length of the photon paths
paths outside the box, so as to extend the duration of the ex-
periment.In summary, the outside agent can confirm that the
system inside maintains coherence and can measure the rela-
tive phase between the superposed amplitudes.
Case B, Figure 2, is fully analogous to A, but now the atom
remains in a fixed state |x1〉, while the mass M is prepared
in superposition of two states |X1〉 and |X2〉 semi-classically
localised at the corresponding distances d1 and d2 from the
atom. A photon passes through the box and the atom again
acquires a phase that depends on the distances between the
atom and the mass. The state of all systems after the photon
leaves the box is thus analogous to eq. (1), where the states
of the mass and the atom are simply exchanged |xi〉 ↔ |Xi〉.
Overlapping the photon amplitudes on the beam splitter, Fig. 2
left panel, yields again the two possible outcomes with equal
probabilities. Note that in this case the photon becomes en-
tangled with the mass but is uncorrelated with the atom.
As in case A, the outside agent can also reflect the photon
amplitudes back through the box, Fig. 2 right panel. Here,
the mass M goes again through the beam splitter and after the
photon traverses the box it is measured in the basis | ±〉. The
two outcomes are obtained with the same probabilities P± as
in case A. The outside agent can again certify coherence of
the superposition state of the mass, and confirm that the inter-
action between the mass and the photon is unitary.
The key observation is that the measurements on the photon
do not allow the outside agent to distinguish whether it was the
atom or the massM prepared to be in superposition – whether
the photon went through the box of case A or case B. The
outside agent cannot tell whether the photon was entangled
with the mass M or with the atom (left panels of the figures),
nor whether they measured interference of the mass or of the
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CASE B) 
|ini
<latexit sha1_base 64="/6xQWSAbqKVzpDiWbRmm9oVeU/k="> AAAB/HicbVDLSsNAFL2pr1pf0S5dOFgEVy VxY8FNwY3LCvYBTSiT6aQdOpmEmYkQYv0A f8KNC0Xc+iHu/BsnbRfaemDgcM69zLknSD hT2nG+rdLa+sbmVnm7srO7t39gHx51VJxK Qtsk5rHsBVhRzgRta6Y57SWS4ijgtBtMrg u/e0+lYrG401lC/QiPBAsZwdpIA7v64EVY j2WUMzH1JBYjTgd2zak7M6BV4i5IrXny1G gCQGtgf3nDmKQRFZpwrFTfdRLt51hqRjid VrxU0QSTCR7RvqECR1T5+Sz8FJ0ZZYjCWJ onNJqpvzdyHCmVRYGZLJKqZa8Q//P6qQ4b vjkrSTUVZP5RmHKkY1Q0gYZMUqJ5Zggmkp msiIyxxESbviqmBHf55FXSuai7Tt29NW1c wRxlOIZTOAcXLqEJN9CCNhDI4Ble4c16tF 6sd+tjPlqyFjtV+APr8weMu5bE</latexi t><latexit sha1_base 64="eYNno+daCz3XJIvbHhr1TQWLJmM="> AAAB/HicbVDLSsNAFJ34rPUV7dKFwSK4Kk k3FtwU3LisYB/QhDKZTtqhM5Mwc1MIsX6A P+HGhSJu/Q/d+TdOHwttPTBwOOde5twTJp xpcN1va219Y3Nru7BT3N3bPzi0j45bOk4V oU0S81h1QqwpZ5I2gQGnnURRLEJO2+Hoeu q3x1RpFss7yBIaCDyQLGIEg5F6duneFxiG SuRMTnyF5YDTnl12K+4MzirxFqRcP32sVc fw2ejZX34/JqmgEgjHWnc9N4EgxwoY4XRS 9FNNE0xGeEC7hkosqA7yWfiJc26UvhPFyj wJzkz9vZFjoXUmQjM5TaqXvan4n9dNIaoF 5qwkBSrJ/KMo5Q7EzrQJp88UJcAzQzBRzG R1yBArTMD0VTQleMsnr5JWteK5Fe/WtHGF 5iigE3SGLpCHLlEd3aAGaiKCMvSEXtCr9W A9W2/W+3x0zVrslNAfWB8/yYCYcQ==</la texit><latexit sha1_base 64="eYNno+daCz3XJIvbHhr1TQWLJmM="> AAAB/HicbVDLSsNAFJ34rPUV7dKFwSK4Kk k3FtwU3LisYB/QhDKZTtqhM5Mwc1MIsX6A P+HGhSJu/Q/d+TdOHwttPTBwOOde5twTJp xpcN1va219Y3Nru7BT3N3bPzi0j45bOk4V oU0S81h1QqwpZ5I2gQGnnURRLEJO2+Hoeu q3x1RpFss7yBIaCDyQLGIEg5F6duneFxiG SuRMTnyF5YDTnl12K+4MzirxFqRcP32sVc fw2ejZX34/JqmgEgjHWnc9N4EgxwoY4XRS 9FNNE0xGeEC7hkosqA7yWfiJc26UvhPFyj wJzkz9vZFjoXUmQjM5TaqXvan4n9dNIaoF 5qwkBSrJ/KMo5Q7EzrQJp88UJcAzQzBRzG R1yBArTMD0VTQleMsnr5JWteK5Fe/WtHGF 5iigE3SGLpCHLlEd3aAGaiKCMvSEXtCr9W A9W2/W+3x0zVrslNAfWB8/yYCYcQ==</la texit><latexit sha1_base 64="Ke5+TIUqRrnmoxaSaMJEq/vdAEk="> AAAB/HicbVDLSgMxFM34rPU12qWbYBFclR k3Cm4KblxWsA9oh5JJ77ShSWZIMsIw1l9x 40IRt36IO//GTDsLbT0QOJxzLzn3hAln2n jet7O2vrG5tV3Zqe7u7R8cukfHHR2nikKb xjxWvZBo4ExC2zDDoZcoICLk0A2nN4XffQ ClWSzvTZZAIMhYsohRYqw0dGuPA0HMRImc ydlAETnmMHTrXsObA68SvyR1VKI1dL8Go5 imAqShnGjd973EBDlRhlEOs+og1ZAQOiVj 6FsqiQAd5PPwM3xmlRGOYmWfNHiu/t7Iid A6E6GdLJLqZa8Q//P6qYmuAntWkhqQdPFR lHJsYlw0gUdMATU8s4RQxWxWTCdEEWpsX1 Vbgr988irpXDR8r+HfefXmdVlHBZ2gU3SO fHSJmugWtVAbUZShZ/SK3pwn58V5dz4Wo2 tOuVNDf+B8/gCvnJVj</latexit>
|outi
<latexit sha1_base 64="5FXHR4YxYpv4KJh3YYs2ge5YIQY="> AAAB/XicbVDLSgMxFL3js9bX+Ni5MFgEV2 XGjQU3BTcuK9gHtEPJpJk2NMkMSUaoY3Hv V7hxoYhb/8Odf2Om7UJbDwQO59zLPTlhwp k2nvftLC2vrK6tFzaKm1vbO7vu3n5Dx6ki tE5iHqtWiDXlTNK6YYbTVqIoFiGnzXB4lf vNO6o0i+WtGSU0ELgvWcQINlbquocPHYHN QIksTs24o7Dsc9p1S17ZmwAtEn9GStXjp0 oVAGpd96vTi0kqqDSEY63bvpeYIMPKMMLp uNhJNU0wGeI+bVsqsaA6yCbpx+jUKj0Uxc o+adBE/b2RYaH1SIR2Mo+q571c/M9rpyaq BBmTSWqoJNNDUcqRiVFeBeoxRYnhI0swUc xmRWSAFSbGFla0JfjzX14kjfOy75X9G9vG JUxRgCM4gTPw4QKqcA01qAOBe3iGV3hzHp 0X5935mI4uObOdA/gD5/MHfkOXTw==</la texit><latexit sha1_base 64="0oE/R4Id/74NVV47CQrVjMJpJsE="> AAAB/XicbVC7SgNBFJ2Nrxhf66OzcDEIVm E3jQGbgI1lBPOA7BJmJ7PJkJnZZeZuIK7B 3q+wsVDE1u/Qzr9x8ig08cDA4Zx7uWdOmH CmwXW/rdzK6tr6Rn6zsLW9s7tn7x80dJwq Qusk5rFqhVhTziStAwNOW4miWIScNsPB1c RvDqnSLJa3MEpoIHBPsogRDEbq2Ef3vsDQ VyKLUxj7Cssepx276JbcKZxl4s1JsXryWC kP4bPWsb/8bkxSQSUQjrVue24CQYYVMMLp uOCnmiaYDHCPtg2VWFAdZNP0Y+fMKF0nip V5Epyp+nsjw0LrkQjN5CSqXvQm4n9eO4Wo EmRMJilQSWaHopQ7EDuTKpwuU5QAHxmCiW Imq0P6WGECprCCKcFb/PIyaZRLnlvybkwb l2iGPDpGp+gceegCVdE1qqE6IugOPaEX9G o9WM/Wm/U+G81Z851D9AfWxw+7CJj8</la texit><latexit sha1_base 64="0oE/R4Id/74NVV47CQrVjMJpJsE="> AAAB/XicbVC7SgNBFJ2Nrxhf66OzcDEIVm E3jQGbgI1lBPOA7BJmJ7PJkJnZZeZuIK7B 3q+wsVDE1u/Qzr9x8ig08cDA4Zx7uWdOmH CmwXW/rdzK6tr6Rn6zsLW9s7tn7x80dJwq Qusk5rFqhVhTziStAwNOW4miWIScNsPB1c RvDqnSLJa3MEpoIHBPsogRDEbq2Ef3vsDQ VyKLUxj7Cssepx276JbcKZxl4s1JsXryWC kP4bPWsb/8bkxSQSUQjrVue24CQYYVMMLp uOCnmiaYDHCPtg2VWFAdZNP0Y+fMKF0nip V5Epyp+nsjw0LrkQjN5CSqXvQm4n9eO4Wo EmRMJilQSWaHopQ7EDuTKpwuU5QAHxmCiW Imq0P6WGECprCCKcFb/PIyaZRLnlvybkwb l2iGPDpGp+gceegCVdE1qqE6IugOPaEX9G o9WM/Wm/U+G81Z851D9AfWxw+7CJj8</la texit><latexit sha1_base 64="uhH5uParBYfO5ILpSVkFHCvXHYk="> AAAB/XicbVDLSgMxFM3UV62v8bFzEyyCqz LjRsFNwY3LCvYBnaFk0kwbmmSG5I5Qx+Kv uHGhiFv/w51/Y9rOQlsPBA7n3Ms9OVEquA HP+3ZKK6tr6xvlzcrW9s7unrt/0DJJpilr 0kQkuhMRwwRXrAkcBOukmhEZCdaORtdTv3 3PtOGJuoNxykJJBorHnBKwUs89egwkgaGW eZLBJNBEDQTruVWv5s2Al4lfkCoq0Oi5X0 E/oZlkCqggxnR9L4UwJxo4FWxSCTLDUkJH ZMC6lioimQnzWfoJPrVKH8eJtk8Bnqm/N3 IijRnLyE5Oo5pFbyr+53UziC/DnKs0A6bo /FCcCQwJnlaB+1wzCmJsCaGa26yYDokmFG xhFVuCv/jlZdI6r/lezb/1qvWroo4yOkYn 6Az56ALV0Q1qoCai6AE9o1f05jw5L8678z EfLTnFziH6A+fzB6Ekle4=</latexit> |+i
<latexit sha1_base64="I71XdWgFO6RpU 4b6j5uuq42h3Po=">AAAB8HicbVDLSgNBEOyNrxhfUY8eXAyCIIRdLwa8BLx4jGAekix hdtKbDJmZXWZmhbDmB7x68aCIVz/Hm3/j5HHQxIKGoqqb7q4w4Uwbz/t2ciura+sb+c3 C1vbO7l5x/6Ch41RRrNOYx6oVEo2cSawbZji2EoVEhByb4fB64jcfUGkWyzszSjAQpC9 ZxCgxVrp/PO8oIvscu8WSV/amcJeJPyel6vFTpQoAtW7xq9OLaSpQGsqJ1m3fS0yQEWU Y5TgudFKNCaFD0se2pZII1EE2PXjsnlql50axsiWNO1V/T2REaD0Soe0UxAz0ojcR//P aqYkqQcZkkhqUdLYoSrlrYnfyvdtjCqnhI0sIVcze6tIBUYQam1HBhuAvvrxMGhdl3yv 7tzaNK5ghD0dwAmfgwyVU4QZqUAcKAp7hFd4c5bw4787HrDXnzGcO4Q+czx+HNpGm</l atexit><latexit sha1_base64="EDhrAQAqNuegU kY1Vt4WGhWwk+A=">AAAB8HicbVDLSgNBEJz1GeMr6tGDg0EQhLCbiwEvAS8eI5iHJEu YnXSSIbOzy0xvIKz5Aa9ePCji1b/Rm3/j5HHQxIKGoqqb7q4glsKg6347K6tr6xubma3 s9s7u3n7u4LBmokRzqPJIRroRMANSKKiiQAmNWAMLAwn1YHA98etD0EZE6g5HMfgh6yn RFZyhle4fLlqaqZ6Edi7vFtwp6DLx5iRfPnksFYf4WWnnvlqdiCchKOSSGdP03Bj9lGk UXMI420oMxIwPWA+alioWgvHT6cFjemaVDu1G2pZCOlV/T6QsNGYUBrYzZNg3i95E/M9 rJtgt+alQcYKg+GxRN5EUIzr5nnaEBo5yZAnjWthbKe8zzTjajLI2BG/x5WVSKxY8t+D d2jSuyAwZckxOyTnxyCUpkxtSIVXCSUieyAt5dbTz7Lw577PWFWc+c0T+wPn4AcP7k1M =</latexit><latexit sha1_base64="EDhrAQAqNuegU kY1Vt4WGhWwk+A=">AAAB8HicbVDLSgNBEJz1GeMr6tGDg0EQhLCbiwEvAS8eI5iHJEu YnXSSIbOzy0xvIKz5Aa9ePCji1b/Rm3/j5HHQxIKGoqqb7q4glsKg6347K6tr6xubma3 s9s7u3n7u4LBmokRzqPJIRroRMANSKKiiQAmNWAMLAwn1YHA98etD0EZE6g5HMfgh6yn RFZyhle4fLlqaqZ6Edi7vFtwp6DLx5iRfPnksFYf4WWnnvlqdiCchKOSSGdP03Bj9lGk UXMI420oMxIwPWA+alioWgvHT6cFjemaVDu1G2pZCOlV/T6QsNGYUBrYzZNg3i95E/M9 rJtgt+alQcYKg+GxRN5EUIzr5nnaEBo5yZAnjWthbKe8zzTjajLI2BG/x5WVSKxY8t+D d2jSuyAwZckxOyTnxyCUpkxtSIVXCSUieyAt5dbTz7Lw577PWFWc+c0T+wPn4AcP7k1M =</latexit><latexit sha1_base64="Wpj5xYWJIRUdX t+uifn6vrSjXhU=">AAAB8HicbVA9SwNBEJ2LXzF+RS1tFoMgCOHORsEmYGMZwSRKcoS 9zVyyZHfv2N0TQsyvsLFQxNafY+e/cZNcoYkPBh7vzTAzL0oFN9b3v73Cyura+kZxs7S 1vbO7V94/aJok0wwbLBGJvo+oQcEVNiy3Au9TjVRGAlvR8Hrqtx5RG56oOztKMZS0r3j MGbVOeng662iq+gK75Ypf9WcgyyTISQVy1Lvlr04vYZlEZZmgxrQDP7XhmGrLmcBJqZM ZTCkb0j62HVVUognHs4Mn5MQpPRIn2pWyZKb+nhhTacxIRq5TUjswi95U/M9rZza+DMd cpZlFxeaL4kwQm5Dp96THNTIrRo5Qprm7lbAB1ZRZl1HJhRAsvrxMmufVwK8Gt36ldpX HUYQjOIZTCOACanADdWgAAwnP8ApvnvZevHfvY95a8PKZQ/gD7/MHqheQRQ==</latex it>
| i
<latexit sha1_base64="H32kvmlBIcwJy w9ZL8EjE+sl92k=">AAAB8HicbVA9SwNBEJ2LXzF+RS0tPAyCjeHOxoBNwMYygvmQ5Ah 7m7lkye7esbsnhDN/wNbGQhFbf46d/8bNR6GJDwYe780wMy9MONPG876d3Mrq2vpGfrO wtb2zu1fcP2joOFUU6zTmsWqFRCNnEuuGGY6tRCERIcdmOLye+M0HVJrF8s6MEgwE6Us WMUqMle4fzzuKyD7HbrHklb0p3GXiz0mpevxUqQJArVv86vRimgqUhnKiddv3EhNkRBl GOY4LnVRjQuiQ9LFtqSQCdZBNDx67p1bpuVGsbEnjTtXfExkRWo9EaDsFMQO96E3E/7x 2aqJKkDGZpAYlnS2KUu6a2J187/aYQmr4yBJCFbO3unRAFKHGZlSwIfiLLy+TxkXZ98r +rU3jCmbIwxGcwBn4cAlVuIEa1IGCgGd4hTdHOS/Ou/Mxa80585lD+APn8weKTJGo</l atexit><latexit sha1_base64="G12fRvBqHV1hd eCxlcCtydqbF6k=">AAAB8HicbVA9SwNBEN3zM8avqKWFi0GwMdylMWATsLGMYD4kOcL eZpIs2ds7ducC4cwfsLWxUMTWf6Od/8bNR6GJDwYe780wMy+IpTDout/Oyura+sZmZiu 7vbO7t587OKyZKNEcqjySkW4EzIAUCqooUEIj1sDCQEI9GFxP/PoQtBGRusNRDH7Iekp 0BWdopfuHi5Zmqiehncu7BXcKuky8OcmXTx5LxSF+Vtq5r1Yn4kkICrlkxjQ9N0Y/ZRo FlzDOthIDMeMD1oOmpYqFYPx0evCYnlmlQ7uRtqWQTtXfEykLjRmFge0MGfbNojcR//O aCXZLfipUnCAoPlvUTSTFiE6+px2hgaMcWcK4FvZWyvtMM442o6wNwVt8eZnUigXPLXi 3No0rMkOGHJNTck48cknK5IZUSJVwEpIn8kJeHe08O2/O+6x1xZnPHJE/cD5+AMcRk1U =</latexit><latexit sha1_base64="G12fRvBqHV1hd eCxlcCtydqbF6k=">AAAB8HicbVA9SwNBEN3zM8avqKWFi0GwMdylMWATsLGMYD4kOcL eZpIs2ds7ducC4cwfsLWxUMTWf6Od/8bNR6GJDwYe780wMy+IpTDout/Oyura+sZmZiu 7vbO7t587OKyZKNEcqjySkW4EzIAUCqooUEIj1sDCQEI9GFxP/PoQtBGRusNRDH7Iekp 0BWdopfuHi5Zmqiehncu7BXcKuky8OcmXTx5LxSF+Vtq5r1Yn4kkICrlkxjQ9N0Y/ZRo FlzDOthIDMeMD1oOmpYqFYPx0evCYnlmlQ7uRtqWQTtXfEykLjRmFge0MGfbNojcR//O aCXZLfipUnCAoPlvUTSTFiE6+px2hgaMcWcK4FvZWyvtMM442o6wNwVt8eZnUigXPLXi 3No0rMkOGHJNTck48cknK5IZUSJVwEpIn8kJeHe08O2/O+6x1xZnPHJE/cD5+AMcRk1U =</latexit><latexit sha1_base64="uVs/z5eVO48U8 aPva3VPEJ7U50o=">AAAB8HicbVA9SwNBEJ2LXzF+RS1tFoNgY7izUbAJ2FhGMImSHGF vM5cs2d07dveEEPMrbCwUsfXn2Plv3CRXaOKDgcd7M8zMi1LBjfX9b6+wsrq2vlHcLG1 t7+zulfcPmibJNMMGS0Si7yNqUHCFDcutwPtUI5WRwFY0vJ76rUfUhifqzo5SDCXtKx5 zRq2THp7OOpqqvsBuueJX/RnIMglyUoEc9W75q9NLWCZRWSaoMe3AT204ptpyJnBS6mQ GU8qGtI9tRxWVaMLx7OAJOXFKj8SJdqUsmam/J8ZUGjOSkeuU1A7MojcV//PamY0vwzF XaWZRsfmiOBPEJmT6PelxjcyKkSOUae5uJWxANWXWZVRyIQSLLy+T5nk18KvBrV+pXeV xFOEIjuEUAriAGtxAHRrAQMIzvMKbp70X7937mLcWvHzmEP7A+/wBrS2QRw==</latex it>
|X2i
<latexit sha1_base 64="cv4ZPQVDgDWYCPyjOAjZ7twktSA="> AAAB8nicbVDLSgNBEOz1GeMr6tHLYBA8hd 0gKHgw4MVjBPOAzRJmJ51kyOzsMjMrhDWf 4cWDIl79Gm/+hZ/gZJODJhY0FFXddHeFie DauO6Xs7K6tr6xWdgqbu/s7u2XDg6bOk4V wwaLRazaIdUouMSG4UZgO1FIo1BgKxzdTP 3WAyrNY3lvxgkGER1I3ueMGiv5j+1utaOo HAjslspuxc1Blok3J+Xrb8hR75Y+O72YpR FKwwTV2vfcxAQZVYYzgZNiJ9WYUDaiA/Qt lTRCHWT5yRNyapUe6cfKljQkV39PZDTSeh yFtjOiZqgXvan4n+enpn8ZZFwmqUHJZov6 qSAmJtP/SY8rZEaMLaFMcXsrYUOqKDM2pa INwVt8eZk0qxXPrXh35+Xa1SwNKMAxnMAZ eHABNbiFOjSAQQxP8AKvjnGenTfnfda64s xnjuAPnI8ft5OSSg==</latexit><latexit sha1_base 64="cv4ZPQVDgDWYCPyjOAjZ7twktSA="> AAAB8nicbVDLSgNBEOz1GeMr6tHLYBA8hd 0gKHgw4MVjBPOAzRJmJ51kyOzsMjMrhDWf 4cWDIl79Gm/+hZ/gZJODJhY0FFXddHeFie DauO6Xs7K6tr6xWdgqbu/s7u2XDg6bOk4V wwaLRazaIdUouMSG4UZgO1FIo1BgKxzdTP 3WAyrNY3lvxgkGER1I3ueMGiv5j+1utaOo HAjslspuxc1Blok3J+Xrb8hR75Y+O72YpR FKwwTV2vfcxAQZVYYzgZNiJ9WYUDaiA/Qt lTRCHWT5yRNyapUe6cfKljQkV39PZDTSeh yFtjOiZqgXvan4n+enpn8ZZFwmqUHJZov6 qSAmJtP/SY8rZEaMLaFMcXsrYUOqKDM2pa INwVt8eZk0qxXPrXh35+Xa1SwNKMAxnMAZ eHABNbiFOjSAQQxP8AKvjnGenTfnfda64s xnjuAPnI8ft5OSSg==</latexit><latexit sha1_base 64="cv4ZPQVDgDWYCPyjOAjZ7twktSA="> AAAB8nicbVDLSgNBEOz1GeMr6tHLYBA8hd 0gKHgw4MVjBPOAzRJmJ51kyOzsMjMrhDWf 4cWDIl79Gm/+hZ/gZJODJhY0FFXddHeFie DauO6Xs7K6tr6xWdgqbu/s7u2XDg6bOk4V wwaLRazaIdUouMSG4UZgO1FIo1BgKxzdTP 3WAyrNY3lvxgkGER1I3ueMGiv5j+1utaOo HAjslspuxc1Blok3J+Xrb8hR75Y+O72YpR FKwwTV2vfcxAQZVYYzgZNiJ9WYUDaiA/Qt lTRCHWT5yRNyapUe6cfKljQkV39PZDTSeh yFtjOiZqgXvan4n+enpn8ZZFwmqUHJZov6 qSAmJtP/SY8rZEaMLaFMcXsrYUOqKDM2pa INwVt8eZk0qxXPrXh35+Xa1SwNKMAxnMAZ eHABNbiFOjSAQQxP8AKvjnGenTfnfda64s xnjuAPnI8ft5OSSg==</latexit><latexit sha1_base 64="ePzmL6xCyD3rTnqsuBuSLHDWtx0="> AAAB8nicbVBNS8NAEJ34WetX1aOXYBE8la QICl4KXjxWsB+QhrLZTtqlm92wuxFK7M/w 4kERr/4ab/4bt20O2vpg4PHeDDPzopQzbT zv21lb39jc2i7tlHf39g8OK0fHbS0zRbFF JZeqGxGNnAlsGWY4dlOFJIk4dqLx7czvPK LSTIoHM0kxTMhQsJhRYqwUPHX79Z4iYsix X6l6NW8Od5X4BalCgWa/8tUbSJolKAzlRO vA91IT5kQZRjlOy71MY0romAwxsFSQBHWY z0+euudWGbixVLaEcefq74mcJFpPksh2Js SM9LI3E//zgszE12HORJoZFHSxKM64a6Q7 +98dMIXU8IklhCpmb3XpiChCjU2pbEPwl1 9eJe16zfdq/v1ltXFTxFGCUziDC/DhChpw B01oAQUJz/AKb45xXpx352PRuuYUMyfwB8 7nDxyQkRs=</latexit>
|X2i
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FIG. 2. Mass M in a superposition of two distances from an atom.
As in case A, an outside agent can measure the photon. The scheme
on the left panel prepares the mass in one of its two orthogonal states.
The scheme on the right panel measures the relative phase between
the amplitudes of the mass. Both schemes yield the same outcomes
as in case A. Thus, the agent cannot tell which system, the atom
or the mass, is prepared in superposition and is responsible for the
observed interference.
atom (right panels of the figures). The individual positions
of the two system are usually considered to be independent
degrees of freedom (DOFs). In the standard quantum there is
only one relevant DOF in the above scenarios – the distance
between the atom and the mass. The photon thus becomes
entangled with the relative distance between the two systems
(left panels) and the outside agent interferes two superposed
relative distances (right panels).
Equivalence of scenarios A and B.– The examples above
suggest that in the standard quantum theory the notion of su-
perposition is not absolute. We formalise this idea and prove
that scenarios in which different systems are initially prepared
in a superposition state are merely different descriptions of
the same process. A crucial aspect of the argument will be
that the description of measurements must be correspondingly
changed as well, in order that one obtains a consistent descrip-
tion of the same process. We first prove the result for spatial
superpositions and then generalise for arbitrary states. We be-
gin with formalising the two cases to be considered.
In case A system 1 is at an initial time ti in state |ψ1〉,
while system 2 is in a superposition of two states that differ
by a spatial translation by ~a
|Ai, ti〉 = NA|ψ1〉
(|φ2〉+ U2(~a)|φ2〉), (3)
where NA denotes a normalisation factor and U2(~a) is a
unitary operator implementing spatial translations on the
states of system 2, such that if φ2(~x2) = 〈~x2 |φ2〉 then
〈~x2 |U2(~a)|φ2〉 = φ2(~x2−~a). In case B, it is system 1 that is
initially in a superposition
|Bi, ti〉 = NB
(|ψ1〉+ U1(−~a)|ψ1〉)|φ2〉, (4)
withNB a normalisation factor andU1(−~a) a unitary operator
inducing a spatial translation by −~a on system 1. Note that
the spatial distances between the two systems are the same in
both cases, e.g. if |ψ1〉|φ2〉 describes system 1 and 2 semi-
classically localised around ~x1 and ~x2, respectively, then the
systems are in a superposition of being separated by ∆~x =
~x1 − ~x2 and by ∆~x+ ~a.
The probability amplitude to find the systems at time tf
in some state |Af , tf 〉 can be obtained from a propaga-
tor [23] K({~xf}, tf ; {~xi}, ti), where {~x} ≡ (~x1, ~x2) de-
notes the set of coordinates of both systems. In case A
we are interested in the amplitude A := 〈xf , tf |Ai, ti〉 =∫
d{~x}K({~xf}, tf ; {~x}, ti)A({~x}, ti), which reads A =
NA
∫
d{~x}K({~xf}, tf ; {~x}, ti)ψ1(~x1)[φ2(~x2)+φ2(~x2−~a)]
In a translationally invariant theory (i.e. with a suitably
invariant action) the propagator is translationally invariant,
which here implies
K({~xf}, tf ; {~x+ ~a}, ti) = K({~xf − ~a}, tf ; {~x}, ti), (5)
see also Supplemental Material. Linearity of A in the initial
state and eq. (5) yield
A = NA
∫
d{~x}[K({~xf}, tf ; {~x}, ti)ψ1(~x1)
+K({~xf − ~a}, tf ; {~x}, ti)ψ1(~x1 + ~a)
]
φ2(~x2).
(6)
We now show that amplitude (6) is the same as the ampli-
tude in scenario B. Since relative distances – including those
between the measured systems and the detectors – cannot
change under a mere change of the description, the detection
amplitude now reads
B = NB
∫
d{~x}[K({~xf}, tf ; {~x}, ti)ψ1(~x1)
+K({~xf − ~a}, tf ; {~x}, ti)ψ1(~x1 + ~a)
]
φ2(~x2).
(7)
We still need to show equality of the factors NA, NB (up
to a phase). NA(B) can be defined by requiring that
for tf → ti the total detection probability is 1. Since
limtf→ti K({~xf}, ti; {~x}, ti) = δ({~xf − ~x}) where δ(·) is
the Dirac delta distribution we obtain |N−2A | = |N−2B | =∫
d{~x} |ψ1(~x1)φ2(~x2) + ψ1(~x1)φ2(~x2 − ~a)|2. This con-
cludes the proof that scenarios A and B are equivalent ac-
cording to standard quantum formalism in any translationally
invariant theory.
Generalisations.– The above analysis directly generalises
to arbitrary symmetries of dynamics. For a symmetry Λ with
a unitary representation U(Λ)|ψ〉 = |Λψ〉 eq. (5) generalises
to 〈α1 |〈β2 |K|Λψ1〉|Λφ2〉 = 〈Λ−1α1 |〈Λ−1β2 |K|ψ1〉|φ2〉
and we obtain
〈α1 |〈β2 |K|ψ1〉
[|φ2〉+ |Λφ2〉] = [〈α1 |〈β2 |K|ψ1〉
+〈Λ−1α1 |〈Λ−1β2 |K|Λ−1ψ1〉
]|φ2〉, (8)
which generalises eq. (6) beyond translations. In Supplemen-
tal Material we discuss further generalisations, beyond sym-
metries of dynamics.
Finally, we note that the relative nature of superpositions di-
rectly implies relative nature of entanglement. Eq. (8) yields
4〈α1 |〈β2 |K
[|ψ1〉|φ2〉 + |Λψ1〉|Λφ2〉] = [〈α1 |〈β2 |K +
〈Λ−1α1 |〈Λ−1β2 |K
]|ψ1〉|φ2〉, which shows that measuring
an entangled state in a product basis and measuring a prod-
uct state in entangled basis are two different descriptions of
the same scenario, differing by the choice of coordinates used
to label the states of a composite system.
Applications.– One exemplary application of our result
is in the context of gravity. Let us take system 1 to be a
large massive body and system 2 a test-mass, e.g. an atom,
as in our thought experiment. When |α1〉 = |ψ1〉 and
|β2〉 = | s(Λ)2〉 := |φ2〉 + |Λφ2〉 eq. (8) describes interfer-
ence between amplitudes of a test-mass in a fixed background
produced by the large mass. Assume in addition that (i) the
amplitudes are orthogonal 〈φ2 |Λφ2〉 ≈ 0 and (ii) evolve only
by a phase 〈ψ1 |〈Λφ2 |K|ψ1〉|φ2〉 ≈ 0, satisfied e.g. when the
evolution time is sufficiently short. Eq. (8) then reads
〈ψ1 |〈s(Λ)2 |K|ψ1〉| s(Λ)2〉 =
〈ψ1 |〈φ2 |K|ψ1〉|φ2〉+ 〈Λ−1ψ1 |〈φ2 |K|Λ−1ψ1〉|φ2〉.
(9)
Consider now interference between states of the large mass
| s(Λ−1)1〉 = |ψ1〉 + |Λ−1ψ1〉 when the test-mass is in a
fixed state, i.e. 〈s(Λ−1)1 |〈φ2 |K| s(Λ−1)1〉|φ2〉. Under as-
sumptions (i), (ii)
〈s(Λ−1)1 |〈φ2 |K| s(Λ−1)1〉|φ2〉 =
〈ψ1 |〈φ2 |K|ψ1〉|φ2〉+ 〈Λ−1ψ1 |〈φ2 |K|Λ−1ψ1〉|φ2〉,
(10)
which is the same as the amplitude (9). Our approach shows
that two apparently different scenarios should give the same
results if the underlying dynamics is translationally invariant
and when (i), (ii) hold. In the first one, a test-mass is prepared
and measured in a superposition while a large mass is prepared
and measured in a fixed state (10). In the second scenario, the
test-mass is in a fixed state while the large mass undergoes in-
terference (9), (as in cases A and B in our closed-box thought
experiment).
There is no ambiguity in describing interference experi-
ments with test-particles in curved spacetime [24], and thus
how to compute the left hand side (lhs) of eq. (9). However,
it is generally considered that when a massive body is pre-
pared in a superposition state of distinct locations, there is
no unambiguous way to describe the lhs of eq. (10), as this
would entail the superposition of spacetime metrics, and thus
pertain to the domain of quantum gravity. Our result shows
that at least for interference of macroscopically distinguish-
able and static amplitudes, no ambiguity arises: Invariance of
physical laws under symmetry transformations unequivocally
determines the amplitudes (9) and (10) to be exactly the same.
Discussion Our result has implications for several alter-
native approaches aiming to describe the interface of quan-
tum theory and general relativity, such as semi-classical grav-
ity [7] or gravitational decoherence models [8]. In semi-
classical gravity the gravitational effects of macroscopic bod-
ies on test particles are described by a classical gravitational
field equal to the mean field produced by the macroscopic
body. Semi-classical gravity thus predicts amplitudes (9) and
(10) to be in general different. If the the systems evolve
by a phase we can write K|ψ1〉|φ2〉 = eiθ(ψ1,φ2)|ψ1〉|φ2〉.
Both, in semi-classical gravity and in standard quantum the-
ory the amplitude in eq. (9) (lhs) reads eiθ(ψ1,φ2)+eiθ(ψ1,Λφ2).
The resulting probability is ∝ 1 + cos (∆θ) where ∆θ :=
θ(ψ1, φ2) − θ(ψ1,Λφ2), showing interference between the
amplitudes, verified in numerous experiments with the earth
as the large mass and neutrons [18, 25] or atoms [19, 20, 26–
28] as the interfering test-masses. However, amplitude (10)
(lhs) in semi-classical gravity reads 〈φ2 |Keff |φ2〉 with the ef-
fective propagator Keff containing gravitational field given by
a mean position of the massive body (system 1), see e.g. [5].
This amplitude is ∝ eiθeff (ψ2) and yields unit detection prob-
ability independently of the size of the superposition. As per
our result the these two amplitudes must, however, be equal
unless translational invariance is broken.
The same conclusion holds for models postulating deco-
herence of spatial superpositions of massive systems where
the decoherence rate depends on the superposition size and
the mass of the superposed system [3–8]. For a suffi-
ciently large mass of system 1, such models predict that
the state | s(Λ−1)1〉 quickly decays into mixture |ψ1〉〈ψ1 | +
|Λ−1ψ1〉〈Λ−1ψ1 |, which in eq. (10) yields a mixture of prob-
abilities instead of interference. But if the mass of system 2
is sufficiently small, probabilities arising from eq. (9) remain
the same as in the standard theory. Such models therefore
predict the amplitudes (9) and (10) to be in general differ-
ent, in violation of translational invariance. In the context
of our closed-box thought experiments, these models allow
the outside agent to distinguish cases A and B: Fast decoher-
ence of the large mass entails P± ≈ 1/2 in case B (in the
Michelson-Morley configuration), while case A would remain
unchanged. Therefore, such models can also be seen as neces-
sitating the notion of an absolute position.
In order to satisfy translational invariance, a decoherence
model cannot directly depend on the superposition size. The
only example of such a model we know of is the theory of
Kafri, Taylor and Milburn [29, 30], where decoherence de-
pends on the superposition size of the relative distance be-
tween a pair of systems [31, 32]. A direct extension of this
model to composite systems has been shown to contradict ex-
periments [32], which opens the question: to what extent can
translational invariance and classicality of gravity be simulta-
neously satisfied?
Our work is in several ways complementary to the QRFs
approach. It has been shown that QRFs can be fully described
relative to each other, without any use of a classical reference
[16]. This allowed finding transformations between states,
dynamics and measurements which preserve the probabili-
ties under quantum transformations between QRFs. A gen-
eral form of a Hamiltonian which remains symmetric under
specific quantum transformations (superpositions of Galilean
translations and superpositions of Galilean boosts) has also
been found. In contrast, in our approach probabilities are
conserved without constraining the allowed transformations,
5and invariance under “superpositions” of arbitrary symmetry
transformations directly follows from the invariance of the dy-
namics under individual symmetries. However, our approach
does not immediately provide the mathematical structure of
the resulting transformations.
Conclusion.– Linearity of quantum theory entails that
measurement probabilities are invariant not only under clas-
sical transformations of coordinates, but also under more gen-
eral transformations – comprising “superpositions” of trans-
formations generated by the symmetries. The resulting ap-
proach can be applied to processes involving macroscopic su-
perposition states of massive bodies. It also reveals that al-
ternative gravity theories – aiming to preserve the features of
classical general relativity at a cost of breaking the superpo-
sition principle – can be seen as breaking translational invari-
ance, which is inarguably at the core of general relativity. Fi-
nally, the approach may bring new insights into the founda-
tions of quantum theory, as it unveils a novel limitation to the
ontic interpretation [33] of quantum states.
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SUPPLEMENTAL MATERIAL
Closed box: general case of ∆ϕ 6= pi
Mach-Zehnder configuration.– In Case A, for an arbitrary
∆ϕ, when the photon leaves the box the state of all systems
reads
1
2
|X1〉
[ (|x1〉+ eiθ|x2〉) eiφc | out〉
+
(|x1〉+ eiθ+i∆ϕ|x2〉) | in〉], (11)
and after the photon passes through the beam splitter, as in the
left panel of fig. 1, we find (up to the factor 1/2
√
2)
|X1〉
[(
(1 + eiφc)|x1〉+ eiθ(ei∆ϕ + eiφc)|x2〉
)|+〉
+
(
(1− eiφc)|x1〉+ eiθ(ei∆ϕ − eiφc)|x2〉
)| −〉], (12)
which generalises eq. (1). The detection probabilities read
P± =
[
1 ± cos(φc + ∆ϕ/2) cos(∆ϕ/2)
]
/2 and we see that
in general they depend on both ∆ϕ and φc. The states of the
atom prepared when the photon is detected in mode | ±〉 read
| f±〉 ∝
[|x1〉 (1± eiφc) + eiθ|x2〉 (ei∆ϕ ± eiφc) ] and are
of course in general not orthogonal. This, however, does not
affect our main conclusion that the outside agent can prepare
the state of the system inside the box without knowing which
system has been prepared: the atom or the mass M .
This is best visible when we write the state of the systems
in Case B just after the photon passes through the box:
1
2
|x1〉
[ (|X1〉+ eiθ′ |X2〉) eiφc | out〉
+
(
|X1〉+ eiθ′+i∆ϕ|X2〉
)
| in〉], (13)
where θ′ = M∆Φat/~ is the relative phase acquired by the
superposed amplitudes of the mass M due to the gravitational
potential of the atom ∆Φa = Gma(1/d2 − 1/d1), therefore
θ = θ′. Eq. (13) is fully analogous to eq. (11), with the states
of the mass and the atom simply interchanged. Note that the
phase acquired by the photon is explicitly the same as in Case
A since it depends on the gravitational potential difference at
the location of the atom between the amplitudes for which
mass is at a distance d1 and d2 – which are explicitly the same
as in case A.
Michelson-Morley configuration.– The outside agent can
also reflect the photon back through the box, and after it in-
teracts with the systems inside, measure it in a superposition
basis. The sequence of events is: the superposed state inside
the box is overlapped again on the beam-splitter, which cre-
ates a new superposition between the involved states, in case
A – of the atom |xi〉 (in case B – of the mass |Xi〉). The
photon is then reflected from the outside mirrors. The state of
all system in case A now reads, up to the normalisation factor
1/2
√
2
|X1〉
[{|x1〉+ |x2〉+ eiθ(|x1〉 − |x2〉)}eiφc | out〉
+
{|x1〉+ |x2〉+ eiθ+i∆ϕ(|x1〉 − |x2〉)}]| in〉. (14)
The photon goes through the box and all systems acquire
again the relative phases as during the first passage. This re-
sults in in the following state when the photon leaves the box
(again up to normalisation factor)
|X1〉
[{|x1〉+ eiθ|x2〉+ eiθ(|x1〉 − eiθ|x2〉)}ei2φc | out〉
+
{|x1〉+eiθ+i∆ϕ|x2〉+ eiθ+i∆ϕ(|x1〉 − eiθ+i∆ϕ|x2〉)}]| in〉.
(15)
Note that in this process in case A the atom and in case B
– mass M – end up going through a Mach-Zehnder interfer-
ometer. The photon amplitudes are finally overlapped on the
beam splitter outside the box, with the resulting output modes
| ±〉 ∝ | in〉 ± | out〉. This completes a Michelson-Morley
interferometric sequence for the photon and creates the final
state, which up to a factor eiθ/2/2 reads
|X1〉
∑
±
(
J±1 (∆ϕ)|x1〉 − ieiθJ±2 (∆ϕ)|x2〉
) | ±〉, (16)
where
J±1 (∆ϕ)= e
i∆ϕ2 cos(
θ + ∆ϕ
2
)± ei2φccos(θ
2
),
J±2 (∆ϕ)= e
i3 ∆ϕ2 sin(
θ + ∆ϕ
2
)± ei2φcsin(θ
2
).
(17)
The photon detection probabilities in the | ±〉 basis read
P±(∆ϕ) =
1
2
± 1
4
{
cos(2φc + ∆ϕ)(1 + cos(∆ϕ))
+2 sin(2φc + ∆ϕ) sin(
∆ϕ
2
) cos(θ +
∆ϕ
2
)
}
.
(18)
For ∆ϕ = pi eqs (17) and (18) reduce to the expressions given
in the main text, in particular the probabilities become P± =
(1∓ sin(θ) sin(2φc))/2.
In a general case, the visibility of interference,
when varying the phase φc, obtained from eq. (18)
reads
√
cos4(δϕ) + sin2(δϕ) cos2(θ + δϕ)/2, where
δϕ := ∆ϕ/2. By varying the duration of the experiment (by
placing the outside mirrors further/closer away from the box)
the agent can vary θ and thus modulate the above visibility
and even measure ∆ϕ.
Translational invariance of the propagator
The propagator can be generally written as
K({~xf}, tf ; {~xi}, ti) =∫ {~xf}
{~xi}
D(x(t)) e i~
∫ tf
ti
dt L({~x(t)},{~˙x(t)},t),
(19)
7where a˙ := dadt and L({~x(t)}, {~˙x(t)}, t is the total Lagrangian
of the two systems. The integration over paths is formally de-
fined as D(x(t)) = ∏t=tft=ti d{~x(t)} and for arbitrary but fixed
vector ~a the propagator reads
K({~xf − ~a}, tf ; {~xi − ~a}, ti) =∫ {~xf−~a}
{~xi−~a}
t=tf∏
t=ti
d{~x(t)}e i~
∫ tf
ti
dt L({~x(t)},{~˙x(t)},t),
(20)
with the condition that {~x(ti)} = {~xi − ~a} and {~x(tf )} =
{~xf −~a}. Shifting the integration variable to ~x′(t) = ~x(t)+~a
for all t ∈ [ti, tf ], and for both systems, the rhs of eq. (20)
reads∫ {~xf}
{~xi}
t=tf∏
t=ti
d{x(t)}e i~
∫ tf
ti
dt L({~x(t)−~a},{~˙x(t)},t). (21)
A theory is translationally invariant if L({~x(t) −
~a}, {~˙x(t)}, t) = L({~x(t)}, {~˙x(t)}, t) in which case ex-
pression (21) is explicitly equivalent to K({~xf}, tf ; {~xi}, ti)
and thus
K({~xf −~a}, tf ; {~xi −~a}, ti) = K({~xf}, tf ; {~xi}, ti). (22)
Beyond symmetries of dynamics
Any two normalised states can be transformed into each
other via some unitary V . If V is not a symmetry of dynam-
ics, in general we have KV := V †KV 6= K. However, the
probability amplitudes are still invariant, in the sense that
〈b |K| a〉+ 〈b |K|V a〉 = 〈b |K| a〉+ 〈V †b |KV | a〉 (23)
where |V a〉 := V | a〉. Eq. (23) means that superposition of
arbitrary states can also be seen as relative – the difference is
that for some scenarios the system is then described as evolv-
ing under different actions, here KV and K, “in superposi-
tion”. An example would be a system prepared in a superpo-
sition of states at different values of some external potential.
When the initial state is expressed by a single amplitude, the
system is described as be evolving in superposition under ac-
tions with different values of the potential.
